Abstract. This paper introduces and evaluates the second version of the global aerosol-climate model ECHAM-HAM. Major changes have been brought into the model, including new parameterizations for aerosol nucleation and water uptake, an explicit treatment of secondary organic aerosols, modified emission calculations for sea salt and mineral dust, the coupling of aerosol microphysics to a two-moment stratiform cloud microphysics scheme, and alternative wet scavenging parameterizations. These revisions extend the model's capability to represent details of the aerosol lifecycle and its interaction with climate. Nudged simulations of the year 2000 are carried out to compare the aerosol properties and global distribution in HAM1 and HAM2, and to evaluate them against various observations. Sensitivity experiments are performed to help identify the impact of each individual update in model formulation.
Introduction
Although it is widely believed that natural and anthropogenic aerosols play an important role in determining the current state and future changes of the Earth's climate, various physical processes in the aerosol lifecycle are not yet understood with certainty. Quantifications of the climatic effects of aerosols, particularly through their impacts on clouds, remain insufficient. Numerical models, together with observational data from a variety of sources, provide a powerful tool for advancing our understanding of the complex interactions between aerosols and climate. Lessons learnt from earlier studies using simple bulk methods (e.g. Langner and Rodhe, 1991; Feichter et al., 1996) gradually led to appreciation of the importance of microphysics in aerosol modelling. The newer models have thus included more detailed descriptions of aerosol composition and size distribution, using different approaches (Wilson et al., 2001; Jacobson, 2001; Vignati et al., 2004; Easter et al., 2004; Stier et al., 2005; Spracklen et al., 2005; Liu et al., 2005; Bauer et al., 2008; Liu et al., 2012) .
The ECHAM5-HAM model (Stier et al., 2005) developed at the Max Planck Institute for Meteorology was one of the earlier examples of a global atmospheric general circulation model that can dynamically predict the composition and size distribution of aerosols by taking into account the most important chemical and physical processes ranging from the micro-to the global scale, and in return, calculate the radiative effects of aerosols on the atmospheric dynamics. In addition to the evaluation presented by Stier et al. (2005) , the model has been compared with other models and with observations through participation in the AeroCom (Aerosol Comparisons between Observations and Models) model intercomparison project (http://aerocom.met.no), as well as the EUCAARI (European Integrated project on Aerosol Cloud Climate and Air Quality interactions) model intercomparison (Kulmala et al., 2011) . The simulated aerosol mass budget, residence time, and optical properties are within the ranges of multi-model spread (Textor et al., , 2007 Kinne et al., 2006) . The estimated direct forcing of aerosols is close to the multi-model mean .
Since first released in 2005, the model has been widely used in process studies (e.g. Hoose et al., 2008; Croft et al., 2009; Makkonen et al., 2009 ) and for investigations in the climate impact of aerosols (e.g. Roeckner et al., 2006b; Stier et al., 2006; Kloster et al., 2008; Lohmann and Hoose, 2009; Fischer-Bruns et al., 2010; Folini and Wild, 2011; Kazil et al., 2012) . The first released version, designed with a focus on tropospheric aerosols, has been extended into the stratosphere and used in volcanic eruption and geoengineering studies (e.g. Niemeier et al., 2009; Timmreck et al., 2010; Niemeier et al., 2011) . Apart from being coupled with ECHAM5 (Roeckner et al., 2003 (Roeckner et al., , 2006a , the complete aerosol module HAM, or substantial parts of it, has been implemented in several other model systems, for example by Mashayekhi et al. (2009) , Pringle et al. (2010) , Zhang et al. (2010) , and Bergman et al. (2012) .
In the past years, through further evaluation as well as various applications, several biases in ECHAM-HAM have been brought to attention. For example, the simulated aerosol absorption featured negative biases . In comparison to aircraft measurements, the Aitken mode particle number concentration was underestimated in the lower troposphere over the industrial regions (Stier et al., 2005; Zhang et al., 2010) . According to ship measurements, the accumulation mode number concentration over the ocean was also underestimated (Hoose et al., 2008) . The simulated aerosol optical depth (AOD) and extinction profiles had systematic negative biases in high-latitude regions (Koch et al., 2009; Bourgeois and Bey, 2011) and positive biases over the open oceans (Croft et al., 2009) . TheÅngström parameter over the ocean was on the large large side compared to the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite retrieval. These issues, together with the simplifications made for secondary organic aerosols (SOA) and the lack of physically-based coupling between aerosols and clouds, motivated further improvement of ECHAM-HAM.
A series of attempts have been made to identify the sources of these errors and to improve model performance. The refractive index for black carbon has been updated to reduce the negative bias of absorption aerosol optical depth . The four-band shortwave radiative transfer scheme in the atmospheric model has been extended with two more bands (Cagnazzo et al., 2007) . A newer aerosol nucleation parameterization has been adopted, and additional mechanisms included (Kazil et al., 2010) . A more detailed and explicit treatment of SOA was implemented , as well as a new scheme for calculating the hygroscopic growth of aerosol particles. The wet scavenging schemes have been updated (Croft et al., 2009, and this work) . A two-moment cloud microphysics scheme is implemented and coupled with aerosol microphysics (Lohmann et al., 2007) . The on-line calculation of dust and sea salt emissions have also been modified (Cheng et al., 2008, and this work) . A satellite simulator (Quaas et al., 2004 , see also http://www.euclipse.eu/downloads/D1. 2 euclipse modissimulator.pdf) is implemented in the model which diagnoses cloud quantities consistently with passive satellite retrievals as from the MODIS instrument, and samples the spatial and temporal incidences of the overpasses of polar-orbiting satellites. This facilitates the comparison between model results and the observations from spaceborne instruments. These revisions have brought us to the point where a second version of this aerosol-climate model is ready for release. This new version, referred to as ECHAM-HAM2 (or simply HAM2), participated in phase II of the AeroCom model intercomparison .
The main objective of the present paper is to analyse and quantify the effects of improvements in the process representation on the simulated aerosol properties, global distribution, and radiative effects. Although some of the new features have already been discussed in the publications cited above, the authors therein mainly concentrated on specific schemes for individual processes. The model evaluation was often limited to aspects most closely related to the process in question. Furthermore, some of the above-cited studies with ECHAM-HAM were based on intermediate (unreleased) code versions that included incremental changes in model configuration. As the aerosol processes and their interactions with each other and with model meteorology are often nonlinear, it is not always easy to draw conclusions on the effect of a particular modification by intercomparing results reported in these publications. An important part of the present paper is a series of sensitivity simulations that are all performed with the "official" HAM2 as reference, and with a single aspect of the model updates reverted to the HAM1 configuration. In this way we attempt to provide a clean evaluation of the impact of each individual modification. These sensitivity simulations are discussed in Sect. 4. The combined effects are analysed in Sect. 5, in which the HAM2 results are compared with those from the previous version, as well as against observation. Before showing these results, we provide a summary of the basic features of the ECHAM-HAM model in Sect. 2, and describe the simulation design in Sect. 3. Conclusions drawn from this work are presented in Sect. 6. As in the paper by Stier et al. (2005) , we concentrate our analysis on aerosols in the troposphere. There are some additional model updates related to stratospheric aerosols which have not yet been included in the code used in this study. These developments were presented in Niemeier et al. (2009) .
Model overview
The aerosol module HAM (Stier et al., 2005) was designed as a component of the global climate model ECHAM5 (Roeckner et al., 2003 (Roeckner et al., , 2006a for the purpose of investigating aerosol-climate interactions. The host model ECHAM5 employs a spectral transform dynamical core inherited from the European Centre for Medium-range Weather Forecasts (ECMWF), and a flux-form semi-Langrangian tracer transport algorithm of Lin and Rood (1996) with piecewise parabolic sub-grid distribution. As for the parameterized physics, cumulus convection and convective tracer transport are represented by the mass-flux scheme of Tiedtke (1989) with further modifications by Nordeng (1994) . Turbulent transport of momentum, heat, moisture and passive tracers is described by the eddy diffusivity theory (Louis, 1979) , with the vertical diffusion coefficient computed as functions of atmospheric stability and the turbulent kinetic energy (Brinkop and Roeckner, 1995) . Shortwave and longwave radiative transfer calculations follow the methods of Fouquart and Bonnel (1980) and Mlawer et al. (1997) , respectively. The longwave scheme considers 16 spectral bands. The shortwave scheme has 4 or 6 bands depending on model version. The 6-band version adapted from the ECMWF model by Cagnazzo et al. (2007) has the 250-690 nm interval subdivided to better consider the absorption by water vapor at 440-690 nm. In addition, an ultra-violet band is added to consider the absorption by ozone, resulting in a total of 3 bands in the ultra-violet and visible range (185-250 nm, 250-440 nm and 440-690 nm) .
The tropospheric version of ECHAM5 is most often used at T63 resolution (approximately 2 • latitude × 2 • longitude grid spacing), with 31 vertical levels up to 10 hPa and a default time step of 12 min. This is also the configuration used in this study. Most of the AeroCom Phase I models ECHAM drives the aerosol module by providing meteorological conditions such as horizontal wind, temperature, pressure, humidity. The large-scale, convective, and turbulent transport of aerosols and their precursors are handled in the same way as other passive tracers in the host model (e.g. water vapor and hydrometeors). The aerosol module provides feedback to ECHAM by affecting the radiative transfer (Sect. 2.6) and cloud microphysics (Sect. 2.7).
In the remainder of this section the main components of the aerosol module HAM are described. To avoid repeating the details already provided by Stier et al. (2005) , we restrict ourselves to an extended summary of the modeling concept, and provide the references when necessary. Note that this section focuses on the aspects that remain unchanged since 2005. Later in the paper, when mentioning these features, or the model development effort in general, we use the term "ECHAM-HAM" or simply "HAM". When it is necessary to distinguish, "HAM1" refers to the specific model configuration described by Stier et al. (2005) , and "HAM2" the new version presented in this paper. An overview of the updates in HAM2 with respect to HAM1 is provided by Table 1 . Further details and the impacts on aerosol simulation are discussed in Sect. 4. (Roeckner et al., 2003 (Roeckner et al., , 2006a Stratiform cloud microphysics scheme by Lohmann and Roeckner (1996) ; Solar radiation scheme with four bands (Fouquart and Bonnel, 1980) . Two-moment stratiform cloud microphysics scheme by Lohmann et al. (2007) ; Solar radiation scheme extended to six bands (Cagnazzo et al., 2007) Sulfuric acid gas Sources and sinks include transport, chemical production, condensation, and aerosol nucleation.
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Concentration equation is solved with three-step sequential operator splitting using explicit time stepping scheme; No distinction between cloudy and cloud-free parts of a model grid box.
Concentration equation is solved by a twostep operator splitting scheme with analytical solution for production and condensation ; Complete removal of sulfuric acid gas from the air is assumed in the cloudy part of a model grid box (Kazil et al., 2010) .
Aerosol nucleation Vehkamäki et al. (2002) or Kulmala et al. (1998 ) Vehkamäki et al. (2002 as default New scheme by Kazil et al. (2010) as default, with optional H 2 SO 4 -organic nucleation based on the kinetic nucleation theory (Kuang et al., 2008) or cluster activation (Kulmala et al., 2006; Riipinen et al., 2007; Kazil et al., 2010) . Old schemes by Vehkamäki et al. (2002) and by Kulmala et al. (1998) are still optional.
Aerosol water uptake Dependent on the chemical compositions of aerosol particles and ambient relative humidity (with respect to water).
Considered only for non-organic aerosols, based on Zeleznik (1991), Zdanovskii (1948) and Stokes and Robinson (1966) Considered for non-organic and organic aerosols, based on the κ-Köhler theory (Petters and Kreidenweis, 2007; O'Donnell et al., 2011) Secondary organic aerosol (SOA)
SOA is approximated as 15% of monoterpene emissions at surface and is assumed to condense immediately on existing aerosol particles and to have identical properties to primary organic aerosols (Stier et al., 2005) .
The lifecycle of SOA is explicitly simulated; Emissions of biogenic precursors are computed interactively; Anthropogenic precursor emissions are prescribed .
Sea salt emission
Interactive calculation based on Monahan et al. (1986) and Smith and Harrison (1998) Smooth merging of emission functions in the particle radius range of 2-4 µm (Stier et al., 2005) Monahan et al. (1986) formula for the radius range of 2-4 µm (cf. Sect. 4.1.4) Dust emission Interactive calculation using the Tegen et al. (2002) scheme East Asia soil properties updated by Cheng et al. (2008) Aerosol radiative effects Optical properties of aerosols are first calculated mode by mode assuming different compositions in a mode are internally mixed. Synthesized parameters are then derived for the radiative transfer calculation, assuming external mixing of different modes.
Aerosol effects considered only for shortwave radiation.
Aerosol effects are considered for both shortwave and longwave radiation; Refractive indices of BC updated by Stier et al. (2007) .
In-cloud scavenging of aerosols Prescribed scavenging coefficient for each aerosol mode and cloud type (Stier et al., 2005) .
Scavenging parameters are prescribed for three ambient temperature ranges (liquid cloud: T > 273 K, mixed-phase cloud: 238 K< T <273 K, and ice cloud: T < 238 K).
Option to use temperature denpendent scavenging parameters for mixed-phase stratiform clouds based on a relationship from (Verheggen et al., 2007) .
Below-cloud scavenging of aerosols Considered separately for rain and snow Prescribed, mode dependent impaction scavenging coefficients for rain; One fixed coefficient for snow (Stier et al., 2005) Optional scheme by Croft et al. (2009) : Impaction scavenging coefficients for rain depend on the size distributions of aerosols and collectors; The coefficients for snow depend on aerosol size. , primary organic aerosol (POA), mineral dust (DU), sea salt (SS), and secondary organic aerosol (SOA). SOA can be further divided into different products from isoprene oxidation (SOA IS1 and SOA IS2), from monoterpene oxidation (SOA MO1 and SOA MO2), and from the oxidation of anthropogenic precursors (SOA ANT). In HAM1, SOA and POA are assumed to have the same properties, thus are denoted collectively by OA in the diagram. The text in green highlights differences between the two model versions. As for the mode parameters, r stands for the number median radius, and σ the prescribed standard deviation. Modified from Table 1 in Stier et al. (2005) .
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Aerosol composition and size distribution
The aerosol module HAM predicts the evolution of an aerosol ensemble of five compositions: sulfate (SU), black carbon (BC), particulate organic matter (POM), sea salt (SS), and mineral dust (DU). The size distribution of this aerosol population is described by 7 log-normal modes with prescribed variance. A schematic is shown in Fig. 1 . The detailed mathematical formulation can be found in Stier et al. (2005, Eq. (1) therein). Different compositions within a mode are assumed to be internally mixed, meaning that each particle consists of multiple compositions. Aerosols of different modes are externally mixed, meaning that they coexist in the atmosphere as independent particles. Four of the modes contain at least one soluble composition, thus the particles can take up water. These are referred to as soluble modes. The other three modes consist of insoluble species only. Through the aging processes, insoluble particles can become soluble (explained in Sect. 2.4). The HAM module predicts the particle number concentration of each mode, as well as the mass concentration of the compositions present in that mode. Not counting the secondary organic aerosol (SOA), there are 25 aerosol tracers in the model that are affected by large-scale, convective and turbulent transport. The 3 precursor gases of sulfate, namely SO 2 , dimethyl sulfide and sulfuric acid gas, are also transported. In HAM1, SOA was considered to have the same properties as POA (primary organic aerosol). They are denoted collectively by OA in Fig. 1 , implying there is no additional tracer for SOA. In HAM2, different SOA species are distinguished according to their sources (anthropogenic, isoprene-derived and terpene-derived). The actual number of SOA-related tracers (including precursors and semi-and non-volatile secondary organics) depends on the lumping assumption. In this study we have 13 transported tracers in the SOA module. The details are explained in Sect. 4.1.2.
Emissions of aerosols and their precursors
The emissions of sea salt and dust are computed interactively for each mode that contains these compositions, based on the work of Monahan et al. (1986) , Smith and Harrison (1998), and Tegen et al. (2002) . The number and mass fluxes of sea salt are parameterized as functions of the 10 m wind speed et al. (2000) . The fluxes depend on the model-calculated air-sea exchange rate as well as the DMS seawater concentration. The monthly mean DMS seawater concentrations are prescribed according to the work of Kettle and Andreae (2000) . Terrestial DMS emissions are prescribed according to Pham et al. (1995) .
Emissions of sulfur dioxide (SO 2 ) and particulate sulfate, black carbon and primary organic aerosols (POA) are prescribed following the year 2000 specifications of AeroCom : non-eruptive volcanic SO 2 emissions are taken from Andres and Kasgnoc (1998) . Locations of eruptive emissions are from Halmer et al. (2002) . The total strength of volcanic SO 2 emission follows the recommendation of the GEIA inventory (http://www.geiacenter.org). Anthropogenically modified sources of SO 2 , BC and POA include wild-land fire, biofuel emissions and fossil-fuel emissions. Wild-land fire emissions are based on the Global Fire Emission Database inventory (van der Werf et al., 2004) . Biofuel and fossil-fuel emissions of BC and POA are prescribed according to the Speciated Particulate Emissions Wizard inventory (Bond et al., 2004) . Biofuel and fossil-fuel emissions of SO 2 (including off-road, road transport, domestic, international shipping, industry, and power plant emissions) are based on Cofala et al. (2005) and EDGAR (Olivier et al., 2005a) . The injection heights follow Table 1 in Dentener et al. (2006) . Primary aerosol emissions are distributed to different aerosol modes according to the emission type and the assumed soluble fraction. For sulfur emissions except DMS, 2.5 % of the emission is assumed to be in the form of primary sulfate aerosols. For POA, 65 % of the biomass burning and biogenic emissions are assumed to be soluble. Stier et al. (2005) .
The SOA emissions are treated differently in HAM1 and HAM2 due to the implementation of an explicit SOA module in the new version. This is explained later in Sect. 4.1.2. A brief summary can be found in Table 1 .
Sulfur chemistry
The sulfur chemistry module is based on the work by Feichter et al. (1996) . Prognostic variables include concentrations of DMS, SO 2 and gas-and aqueous-phase sulfate. Oxidant fields, including hydroxyl radical (OH), hydrogen peroxide (H 2 O 2 ), nitrogen dioxide (NO 2 ), and ozone (O 3 ), are prescribed using three-dimensional monthly mean model output for present-day condition from the MOZART model (Horowitz et al., 2003) . Sulfuric acid gas produced from gasphase chemistry can either condense on existing aerosol particles or nucleate to form new particles. Sulfate produced from aqueous phase chemistry is distributed to pre-existing soluble accumulation mode and coarse mode aerosol particles.
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Aerosol microphysics
The aerosol microphysics sub-module M7 of Vignati et al. (2004) simulates the formation and growth of aerosol particles due to nucleation and condensation of sulfuric acid gas, coagulation of particles, and aerosol water uptake. These processes lead to re-distribution of particle number and mass among different modes.
In the model the sulfuric acid gas concentration is affected by emission, chemical production, and large-scale and subgrid-scale transport. It can also form new aerosol particles (i.e. nucleation), or condense on particle surfaces. Condensation can happen on pre-existing particles of all sizes. The first-order mass transfer coefficient is computed following Fuchs (1959) . Different accommodation coefficients are assumed for insoluble (0.3) and soluble (1.0) particles (Vignati et al., 2004) . The numerical method used to solve the sulfuric acid gas evolution equation is updated in HAM2. This is noted in Table 1 and further explained in Sect. 4.1.1.
The coagulation rate is parameterized as a function of particle number concentration and a coefficient that depends on particle size and the thermodynamic state of air. Calculation of the coefficient follows Fuchs (1964) . Both intramodal and intermodal coagulations are considered, although intramodal coagulation is neglected for the accumulation insoluble mode and the two (soluble and insoluble) coarse modes.
Coagulation of insoluble particles with soluble ones, as well as the condensation of sulfuric acid gas, can lead to addition of soluble mass (sulfate) to insoluble particles. When the amount of soluble composition is sufficient to form a monolayer coating, the particles becomes soluble. In M7, the number of converted (i.e. aged) particles during each time step is computed from the newly attached sulfate mass and the averaged surface area of particles in each insoluble mode (Vignati et al., 2004) .
The water content of aerosols in each mode is calculated from their chemical composition and the ambient relative humidity. Different parameterization schemes are used in HAM1 and HAM2. Further details are given in Table 1 and Sect. 4.1.3.
Removal processes
Sink processes of aerosols, namely dry deposition, sedimentation and wet deposition, are parameterized as functions of particle size, composition and mixing state, as well as the meteorological conditions.
The loss of aerosol particles due to their role as cloud condensation nuclei or ice nuclei and due to collisions with cloud droplets or ice crystals is parameterized via a scavenging coefficient. This coefficient denotes the fraction of the available aerosols in the cloudy part of a grid box that is embedded in the cloud droplets and ice crystals. Different values of the scavenging coefficient are prescribed for different aerosol modes and cloud types, as documented in Table   3 of Stier et al. (2005) . Because interstitial and cloud-born aerosols are not distinguished in our model, the particles embedded in cloud water/ice are considered as removed from the atmosphere only when the condensate is converted into precipitation.
Below-cloud scavenging describes the removal of aerosols due to collection by rain or snow. The removal rate depends on the precipitation rate and area, as well as the collection efficiency (Seinfeld and Pandis, 1998; Stier et al., 2005) . Different collection efficiencies are assumed for rain and snow.
Turbulent dry deposition of aerosols is considered for all modes except for the nucleation mode, following Ganzeveld et al. (1998) . The deposition flux is computed as the product of tracer concentration, air density and deposition velocity, first calculated for each of the surface types considered by the ECHAM5 model (snow/ice, bare soil, vegetation, wet skin, open water, and sea ice), and subsequently summed up using the fractional surface area. Deposition velocity is obtained from the aerodynamic resistance and surface resistance which in turn depend on particle size and density, properties of the Earth's surface, and characteristics of atmospheric turbulence.
Gravitational sedimentation of a single aerosol particle is described by the Stokes theory (Seinfeld and Pandis, 1998) . The correction of Slinn and Slinn (1980) is applied to get the sedimentation velocity of a log-normal mode. To avoid violation of the Courant-Friedrich-Lewy stability criterion, the sedimentation velocity is limited to V s ≤ z t where z and t are the model layer thickness and time step, respectively. In our model, sedimentation is considered only for the larger particles, i.e. the accumulation and coarse modes.
For precursor gases, in-cloud and below-cloud scavenging are calculated according to Henry's law (Seinfeld and Pandis, 1998) . The dry deposition velocity is calculated with the big leaf approach, as a function of aerodynamic resistance, quasi-laminar boundary layer resistance, and surface resistance (Ganzeveld and Lelieveld, 1995; Ganzeveld et al., 1998) . Gravitational sedimentation is ignored for gases.
Aerosol optical properties and radiative effects
Radiative properties of aerosols are dynamically computed in the model. From the chemical composition (including water content) and particle size, the Mie-scattering size parameter and volume-averaged refractive indices are derived for each aerosol mode assuming internal mixing of different chemical compositions. They are passed on to a look-up table that provides the extinction cross-section ϕ, single scattering albedo ω and asymmetry parameter γ . The look-up table is established using the Mie theory assuming 24 spectral bands for shortwave and 16 bands for longwave radiation. The ϕ, ω, γ parameters are then re-mapped to the bands of the ECHAM radiation scheme. For each band, the ϕ, ω, γ parameters of different modes are synthesized into a single triplet for the Table 3 . References for the shortwave and longwave refractive indices for each aerosol composition in the HAM model. For the shortwave part, the refractive index at 550 nm wavelength is listed, in which i denotes the imaginary unit. After Stier et al. (2005) , Stier et al. (2007) , and O'Donnell et al. (2011) .
Species
Refractive index at 550 nm Shortwave Reference Longwave Reference Downing and Williams (1975) Downing and Williams (1975) radiative transfer calculation, assuming external mixing of the modes (Stier et al., 2005) . The refractive indices of various aerosol compositions at λ = 550 nm (shortwave) are listed in Table 3 , where λ is the wavelength. Corresponding quantities for the longwave bands are shown in Fig. 1 of Stier et al. (2007) as functions of wavenumber. The refractive indices of black carbon used in HAM2 are the updated values evaluated by Stier et al. (2007) . HAM2 considers both the longwave and shortwave effects of aerosols, while HAM1 considers only the shortwave effects. Radiative effects of the nucleation mode particles are ignored due to their small sizes.
HAM1
Aerosol indirect effects
In the earlier model ECHAM5-HAM1 aerosols did not directly affect clouds because the one-moment cloud microphysics scheme therein (Lohmann and Roeckner, 1996) assumed fixed cloud droplet number concentration. In HAM2, the aerosol activation and ice nucleation parameterizations of the two-moment scheme of Lohmann et al. (2007) provide links between the simulated aerosol population and the number concentrations of cloud droplet and ice crystal. This version thus allows for the simulation of aerosol effects on cloud microphysics (droplet number and size) and macrophysics (liquid water path). More details are given in Sect. 4.1.6.
Simulation setup
We performed simulations of the year 2000 forced by sea surface temperature/sea ice prescriptions of the same year from the Second Atmospheric Model Intercomparison Project (http://www-pcmdi.llnl.gov/projects/amip/). Emissions of anthropogenic aerosols and their precursors, as well as biomass burning and volcanic aerosols are prescribed according to AeroCom Phase I emission data for the year 2000 . Each integration starts from a meteorological state that is routinely used in climate simulations with ECHAM5. The initial concentrations of all aerosols and prognostic precursors are zero. Three months of integration are performed prior to January 2000 in each simulation. This is considered as the spin-up phase and not included in the analysis presented later in the paper.
Since the purpose of this study is to evaluate the aerosol module HAM rather than the host model ECHAM5, we carry out nudged simulations, which relax the meteorological fields towards the ERA-40 reanalysis (Uppala et al., 2005) . This allows for detailed comparison between model results and observations, and also reduces the length of simulation that is required to draw sound conclusions.
To evaluate the aerosol properties in HAM2 and their differences compared to the earlier version HAM1, integrations are performed using the corresponding default model configurations. In addition, a number of sensitivity simulations are carried out and are discussed in Sect. 4. In each simulation, one component of the parameterized sub-grid processes in HAM2 is reverted to the old HAM1 setup, or replaced by an alternative that is implemented in the new version but not yet set as default. A list of simulations carried out in this study is given in Table 4 .
Model updates and their effects
In this section we describe the model updates with respect to HAM1, and discuss their impact on the simulated aerosol Makkonen et al., 2009; Kazil et al., 2010) . They are included in this paper to provide the model users with a clear idea about the basis for future research.
Standard configuration of HAM2
Sulfuric acid gas and aerosol nucleation
The conversion of sulfuric acid (H 2 SO 4 ) gas to aerosol particles is one of the major mechanisms of particle formation in the atmosphere. In the HAM model sulfuric acid gas is produced by the oxidation of SO 2 , and removed by nucleation as well as condensation onto pre-existing aerosol particles. The strength of nucleation in the model is not only determined by the nucleation mechanism, but also strongly affected by the abundance of H 2 SO 4 gas and the balance between its source and sink terms. Nucleation of H 2 SO 4 /H 2 O in the earlier model version was described with the scheme of Vehkamäki et al. (2002) or that of Kulmala et al. (1998) . The former was the default choice because it is based on a thermodynamically consistent version of the classical binary homogeneous nucleation theory, and is valid for a broader range of thermodynamical conditions (cf. Table 5 ). Kazil et al. (2010) implemented the scheme of Kazil and Lovejoy (2007) for neutral and charged nucleation of H 2 SO 4 and H 2 O. This parameterization is based on laboratory measurements using a semianalytical approach to calculate aerosol formation rates. It is now the default nucleation scheme in HAM2.
Another major change between HAM1 and HAM2 is the treatment of sulfuric acid gas. In the model, production and condensation are linear processes from the point of view of the gas-phase H 2 SO 4 equation (cf. Eq. (2) in Vignati et al., 2004) , while nucleation is a nonlinear process. In the default HAM1 configuration the gas-phase H 2 SO 4 equation was numerically solved in three consecutive steps, each taking care of one process and using explicit time integration to update the H 2 SO 4 concentration for the next step. Kokkola et al. (2009) proposed a different operator-splitting algorithm in which the production-condensation equation is solved analytically in the first step to provide an intermediate estimate of sulfuric acid gas concentration, followed by a second step accounting for nucleation. This new algorithm has the advantage of converging towards the exact solution of the production-condensation equation when nucleation is weak. Kokkola et al. (2009) showed with a box model that this time stepping outperformed the original one. In addition to the revised numerics, Kazil et al. (2010) introduced the assumption that in the cloudy portion of a grid box, all H 2 SO 4 gas condenses on the largest soluble particles if there is any, and on the largest insoluble particles otherwise. There is complete removal of sulfuric acid gas in clouds, where no aerosol nucleation takes place.
To demonstrate the impact of these changes at the global scale, we present vertical cross-sections of the number concentration of ultra-fine (nucleation mode) particles together with the mass concentration of H 2 SO 4 gas in Fig. 2 . The right column shows results from the standard HAM2 configuration; The middle column uses the Kazil et al. (2010) (HAM2 default) nucleation parameterization but the old time stepping method and without complete in-cloud removal (referred to as experiment HAM2 H2SO4 in Table 4 ). The left column, corresponding to experiment HAM2 NUL, uses the HAM1 set-up which includes the Vehkamäki et al. (2002) parameterization, three-step explicit numerics, and no distinction between condensation in clouds and in the cloud-free parts. All other aspects are identical in the three simulations.
Switching from Vehkamäki et al. (2002) to the Kazil and Lovejoy (2007) parameterization leads to an upward shift of the highest concentrations of fine particles ( Fig. 2a-b ), due to a strong reduction of nucleation at altitudes of 400-150 hPa and a moderate increase at 150-50 hPa (not shown). Accordingly, there is more sulfuric acid gas remaining in the air in the upper troposphere, and less near the tropical tropopause ( Fig. 2d-e) .
Changing the handling of the H 2 SO 4 gas equation, on the other hand, results in higher concentrations for the nucleation Kazil et al. (2010) 180-320 K 1-101% 10 5 cm −3 -5×10 9 cm −3 HAM2 default mode particle number (Fig. 2b-c) , and a qualitative change in the vertical distribution of the sulfuric acid gas (Fig. 2e-f ). An additional simulation reveals that the differences between panels e and f in the tropical upper troposphere and above the Southern Hemisphere storm track are caused by the distinction between cloud-free and in-cloud condensation of the H 2 SO 4 gas in HAM2 (not shown). The other differences seen in the middle and right columns in the figure are caused by the revised numerical method. It is worth noting that in HAM1, due to the sequential operator splitting, the H 2 SO 4 concentration seen by the condensation calculation is the value updated after taking into account only the chemical production. Because of the large time step used in the climate model, this intermediate concentration has a large positive bias when production is strong. The subsequently computed condensation rate is thus significantly overestimated. This explains the box model results in Fig. 1 of Kokkola et al. (2009) in which the "M7 original" scheme systematically underestimates the sulfuric acid gas concentrations in all three scenarios investigated therein. We have carried out a sensitivity experiment similar to HAM2 H2SO4, in which the first two steps (production and condensation) in the old time integration scheme are solved together using a simple Euler forward scheme. In other words, the sequential split between production and condensation is replaced by parallel split. The effect is a clear increase of the H 2 SO 4 concentration in comparison to Fig. 2d e. In particular, in the near-surface layers, the magnitudes and characteristic pattern become very similar to Fig. 2f (not shown).
In both HAM1 and HAM2, nucleation is computed after production and condensation, using sequential operator splitting. When the model time step is long and nucleation is strong, this can also lead to numerical errors in the simulated nucleation rate and H 2 SO 4 gas concentration. We have performed numerical convergence test for the sulfuric acid gas equation using sub-stepping and various time integrations schemes, from which a reference solution is established. It is found that the simulated H 2 SO 4 gas concentration and aerosol nucleation rate are more sensitive to the splitting technique applied between production and condensation than that for nucleation. With respect to the reference solution, the error in annual mean H 2 SO 4 gas burden is reduced by a factor of more than 10 from the HAM1 numerics to HAM2. The error in total nucleation rate is reduced by a factor of about 5. Reduction of error can be seen at most of the model grid points though the factor is not homogeneously distributed. This indicates that from a numerical point of view, the solution procedure in HAM2 better represents the H 2 SO 4 processes.
Currently there is research going on in the ECHAM-HAM community to implement and evaluate additional nucleation parameterization schemes in the planetary boundary layer. In this context, the numerical methods used for the H 2 SO 4 processes will possibly be refined. Time integration schemes with adaptive step size and dynamical error control, such as those used by Herzog et al. (2004) and Zaveri et al. (2008) will be considered.
Secondary organic aerosol (SOA)
The first version of HAM had a very simple treatment of secondary organic aerosols following the AeroCom approach . 15 % of the prescribed natural terpene emission was oxidized in the surface layer and condensed immediately on existing aerosol particles (Stier et al., 2005; Kanakidou et al., 2005) . The SOA therein was assumed to have identical properties to primary organic aerosols (POA).
O'Donnell et al. (2011) implemented an explicit SOA module in ECHAM-HAM, which considers aerosols originating from biogenic (isoprene and monoterpenes) and anthropogenic sources (xylene, toluene and benzene). The emissions of biogenic precursors are computed online using MEGAN (Guenther et al., 2006; Guenther, 2007) for isoprene, and following the work of Guenther et al. (1995) for monoterpenes. Emission of anthropogenic precursors is prescribed according to EDGAR (fast-track issue, Olivier et al., 2005b) .
Oxidation processes of the precursors are explicitly described. An oxidation product is considered either as volatile or semi-volatile, depending on the precursor. Organic matter formed from anthropogenic sources is assumed as nonvolatile following Ng et al. (2007) . Its mass is allocated to the aerosol phase immediately on formation. Products of xylene, toluene and benzene can be either lumped together or tracked separately in the model. The oxidation products of isoprene and terpene are considered to be semi-volatile. The mass is partitioned between the gas and aerosol phases based on an equilibrium scheme, namely the two-product model of Odum et al. (1996) . The absorption-based theory of Pankow (1994a,b) is used to further partition the condensed mass to size-resolved modes. Different SOA products are assumed to be absorbed by POA and by each other, thus the modes in which SOA can occur are the same as those that contain POA, namely the Aitken insoluble, Aitken soluble, accumulation soluble, and coarse soluble modes (cf. Fig. 1 ).
The SOA module introduces 13 or 21 new tracers to the model that need to be transported, depending on whether the xylene-, toluene-and benzene-derived SOA is lumped together. This include 5 precursor gases (isoprene, monoterpenes, xylene, toluene and benzene), 4 condensable organics from the oxidation of isoprene and monoterpenes (i.e. 2 precursors × 2 products each, before gas-aerosol partitioning), and 1 (lumped) or 3 (not lumped) anthropogenic SOA mass concentrations in each of the mode that contains organic matter (cf. previous paragraph and Fig. 1 ).
Refractive indices of SOA are assumed the same as those of POA (Table 3) . Further details of the SOA scheme can be found in O'Donnell et al. (2011) .
When the new SOA scheme is switched on, the interactively computed biogenic precursor emissions (441.6 Tg yr −1 isoprene and 86.3 Tg yr −1 monoterpenes) produce about 119.1 Tg yr −1 semi-volatile condensable species (106.5 Tg yr −1 from isoprene, 12.6 Tg yr −1 from monoterpenes). These oxidation products form 15.7 Tg SOA per year, which, in terms of absolute value, is not far away from the old scheme (19.1 Tg yr −1 , Dentener et al., 2006) . The SOA yield, however, is only 3 % and much smaller than specified by AeroCom (15 %). The yield of 15 % used in AeroCom is realistic at lab temperatures (typically 25 • C), while our model has a temperature-dependent SOA yield from monoterpenes (Saathoff et al., 2009 ) which predicts decreasing SOA formation with increasing temperature. Since the majority (over 75 %) of the monoterpene mass is emitted at high temperatures in the tropics, the SOA yield drops below the figure used for AeroCom. The fact that we get a SOA production similar to the AeroCom specification despite a considerably lower yield reflects the dominance of isoprene emissions, which were not included in the old scheme. The anthropogenic emissions result in 5.5 Tg yr −1 oxidation products, which are assumed non-volatile and convert totally to SOA.
The spatial distribution of aerosol concentrations also changes substantially. In Fig. 3 we present zonal mean mass concentration of total organic aerosols (also referred to as particulate organic matter, POM) simulated by HAM2 with different SOA schemes. The most evident effect of the new scheme is the higher loading in the upper troposphere, associated with enhanced SOA formation due to tropical convective transport of the condensable oxidation products, especially high-volatility products associated with isoprene oxidation, which condense only at very low temperatures. Results obtained with the original SOA scheme (Fig. 3a) , in contrast, resembles closely the POA distribution of HAM1 (shown in The left panel corresponds to a sensitivity experiment HAM2 OA that uses the old (HAM1) simple SOA scheme described in Sect. 4.1.2 and in Stier et al. (2005) ; Differences between the two simulations are indicated in the rightmost panel. Table 6 . Values of the hygroscopicity parameter κ used in ECHAM-HAM2 for the κ-Köhler theory based water uptake scheme. The observed ranges of κ listed in the rightmost column are quoted from Table 1 in Petters and Kreidenweis (2007) , which were derived from the laboratory measured growth factor of particle radius. For primary organic aerosols, the observed range is obtained from mean κ values of various organic compounds other than secondary organic aerosol. still generally underestimates organic mass compared to the observations presented in Fig. 3 of Heald et al. (2011) . Our results are similar to the GEOS-Chem model discussed in their paper, which also has an explicit treatment for the semivolatile SOA.
Water uptake
Water uptake is an important process that changes the size and optical properties of aerosol particles. In the real world non-organic aerosols that contain sulfate and/or sea salt, and some organic aerosols, are hygroscopic. In HAM1, however, water uptake was considered only for non-organic particles. For pure sulfate particles, water uptake was calculated using regression fits to solutions of the generalized Kelvin equation (Zeleznik, 1991) ; For mixed particles that contain sulfate but not sea salt, sulfate mass was regarded as the effective soluble mass and used in the calculation of the equilibrium particle density; For particles containing sea salt, complete ion dissociation was assumed, with the water uptake calculated according to the ZSR method (Zdanovskii, 1948; Stokes and Robinson, 1966) , which regards an aerosol particle as a solution of mixed electrolytes. The scheme assumes a 95 % ceiling of ambient relative humidity (RH) when calculating water content of the nucleation and Aitken mode particles, and a ceiling of 100 % for the accumulation and coarse modes. When introducing the new SOA scheme mentioned in the previous subsection, O 'Donnell et al. (2011) implemented a semi-empirical water uptake scheme based on the κ-Köhler theory (Petters and Kreidenweis, 2007) , now used for all hygroscopic aerosols in HAM2. This approach uses a prescribed hygroscopicity parameter κ for each substance (Table 6). For an internally-mixed aerosol particle, the overall κ value is calculated by taking the volume-weighted sum of the parameter of each soluble compound. Having computed the hygroscopicity parameter of a particle, and with its dry diameter, the air temperature and relative humidity known, the growth factor of particle radius can be determined using Eq. (11) of Petters and Kreidenweis (2007) and therefore the aerosol water content. In the model, a look-up table is used to enhance computational efficiency. The RH ceiling in this implementation is set to 95 % for all aerosol modes, considering that the κ values are typically taken from the humidified tandem differential mobility analyzer (HTDMA) below this RH value (Kreidenweis et al., 2005) .
For clarification it is worth noting that results in the work of Kreidenweis et al. (2008) , who applied simplifying assumptions to the theory developed by Petters and Kreidenweis (2007) , have been widely interpreted as meaning that predictions using the κ-Köhler theory are inherently and severely low-biased at low RH at least for certain species, especially NaCl. In our model the simplifications of Kreidenweis et al. (2008) are not used 1 . Our approach still underpredicts the water uptake of pure NaCl when compared to results from the Aerosol Inorganic Model (AIM, Wexler and Clegg (2002) paper. Furthermore, relative humidity in the near-surface layers over the ocean (where most sea salt is found) is generally in the higher range where the κ-Köhler theory and AIM are in good agreement. For these reasons, we believe that underestimation of the water uptake of certain species by the κ-Köhler theory at low relative humidity has very limited effects on our model results.
As already mentioned, the purpose of updating the water uptake parameterization in HAM2 was to implement a single scheme that can be used also for SOA. The new scheme results in a significant decrease in water uptake in the lower troposphere and a slight increase aloft (Fig. 4a-b) , reducing the total aerosol water from 75 Tg (HAM1) to 51 Tg (HAM2), the latter being closer to the multi-model average of the AeroCom Project (35 Tg, Textor et al., 2006) . The absolute and relative contributions of aerosol water to the aerosol optical depth (AOD) decrease from 0.105 and 74.8 % (HAM1) to 0.094 and 69.8 % (HAM2), respectively. Our investigation reveals that this substantial decrease is largely caused by the different RH ceilings used for the accumulation and coarse mode particles (100 % in ZSR and 95 % for κ-Köhler). This can be seen in Fig. 4c-d which shows two sensitivity experiments performed using HAM2 but with the water uptake scheme reverted to ZSR. Despite an increase in dry aerosol burden compared to HAM1 which is accompanied by an increase in aerosol water content (Fig. 4a, c) , the change of RH ceiling (Fig. 4c, d ) results in a considerable reduction in aerosol water that more than compensates the dry burden effect. Replacement of the ZSR method by the κ-Köhler theory, in contrast, has only marginal effect on the results (Fig. 4d and 4a) . These results are consistent with the work of Adams et al. (2001) who found the use of higher maximum RH cut-off resulted in stronger water uptake and higher estimated direct forcing in the general circulation model of the Goddard Institute for Space Studies, especially when relative humidity is higher than 95 %.
Sea salt emission
Sea salt emission is a primary source of soluble accumulation mode and coarse mode aerosol over the oceans in the model. The emission fluxes are parameterized as functions of 10-m wind speed following the work of Monahan et al. (1986) and Smith and Harrison (1998) . In HAM1, look-up tables of emission flux against 10-m wind were established using the Monahan formula for small particles (dry radius r < 2 µm), the Smith-Harrison formula for large particles (r > 4 µm), and a smoothly merged function for the size range in between (Stier et al., 2005) . Zhang et al. (2010) noticed that the partitioning of sea salt emission between accumulation and coarse modes in ECHAM-HAM1 was evidently different from two other models using the same microphysics package, and attributed the differences to the emission scheme.
In HAM2 we still use the source functions of Monahan et al. (1986) and Smith and Harrison (1998) , but directly apply the Monahan et al. (1986) formula for the radius range of 2-4 µm without merging, and replace the look-up tables by online integration of the source functions. As shown in Fig. 5 , the new implementation produces stronger emissions in the accumulation mode and weaker in the coarse mode in terms of number flux. The ratio of the accumulation mode number flux to that of the coarse mode is now 7.7 in contrast to 1.6 in HAM1, and is closer to the value 6.7 that can be derived from the Dentener et al. (2006) emission dataset recommended for AeroCom. In terms of mass flux, there is an increase of emission in both modes (not shown), implying that the emitted coarse mode particles are larger than in HAM1. Further discussions of these changes are presented in Sect. 5.
Dust emission
Dust emissions in HAM1 were calculated interactively using the scheme of Tegen et al. (2002) which was based on observations from Africa but resulted in considerable biases in East Asia. Cheng et al. (2008) made attempts to improve dust emission by modifying the surface conditions used in the model. They employed a new global dataset of aerodynamic roughness length derived by Prigent et al. (2005) from satellite retrievals, and the East-Asian soil properties from Laurent et al. (2006) . In addition, impact of soil moisture was taken into account when computing the threshold frictional wind velocity of dust mobilization. Because the satellite- derived roughness lengths were much larger than those used in the original model, a scaling factor had to be applied to the frictional velocity and fine-tuned in order to give a reasonable global total emission. Recent model evaluation has revealed that this modification leads to an overestimate of AOD over North Africa, while the inclusion of soil moisture in frictional velocity calculation does not lead to significant improvement (not shown). Therefore in HAM2 only the modification of East Asia soil properties is adopted from the work of Cheng et al. (2008) .
To demonstrate the effect of this update, the standard HAM2 results are compared with a sensitivity simulation HAM2 DU performed using the old soil property data. The characteristic spatial pattern of dust emission is largely unchanged, but the strength increases significantly over Mongolia, in the western part of Inner Mongolia, and near the Balquash lake (Fig. 6a) . The simulated near surface dust concentration (Fig. 6b) and AOD (Fig. 6c) in the vicinity of the source regions as well as in the downstream areas also increase, which leads to better agreements between model and observation (not shown). Table 7 . Impact of cloud microphysics parameterization on aerosol lifetime (unit: day). The sensitivity experiment HAM2 CLD uses the scheme of Lohmann and Roeckner (1996) , while the standard ECHAM-HAM2 model uses the two-moment scheme of Lohmann et al. (2007) 
Cloud microphysics and aerosol activation
In the earlier model ECHAM-HAM1 the stratiform cloud microphysics scheme (Lohmann and Roeckner, 1996) predicted mass concentrations of water vapor, cloud water and cloud ice by taking into account phase transitions, precipitation processes (autoconversion, accretion, aggregation), evaporation of rain and melting of snow, as well as sedimentation of cloud ice. Regarding stratiform cloud formation, the cloud droplet number concentrations (CDNC) were prescribed as functions of pressure and surface type (land or ocean). The conversion of aerosol particles into cloud droplets -often referred to as aerosol activation or cloud droplet nucleationwas not considered. While clouds could directly affect the aerosol population via wet scavenging (cf. Sects. 2.5, 4.2.1, and 4.2.2), aerosols could only affect clouds via the direct and semi-direct aerosol effects on model meteorology. In order to explicitly simulate the effects of aerosols on stratiform cloud microphysics, Lohmann et al. (2007) introduced a two-moment scheme, with further improvements proposed by Lohmann and Hoose (2009) . The new scheme includes prognostic equations for number concentrations of cloud droplets and ice crystals, and is used as the default stratiform cloud microphysics scheme for HAM2. Many details of the parameterized phase change and precipitation processes (e.g. autoconversion and accretion) are different from the the earlier scheme.
The impact of aerosols on cloud microphysics is implemented as follows: Aerosol activation in warm clouds is described by the semi-empirical scheme of Lin and Leaitch (1997) . Autoconversion of cloud droplets to rain is parameterized as in Khairoutdinov and Kogan (2000) . Homogeneous ice nucleation in cirrus clouds is assumed to happen at air temperatures below −38 • C when supercooled solution droplets freeze. The production rate of ice crystals is computed following Kärcher and Lohmann (2003) . Heterogeneous nucleation happens in the model when dust exists and the air temperature lies between −38 • C and 0 • C. Internally mixed dust and black carbon aerosols are assumed to act as immersion nuclei while only externally mixed dust particles act as contact nuclei. Contact freezing by black carbon is not considered as it is quite uncertain (Lohmann and Hoose, 2009 ).
The replacement of cloud microphysics parameterization has complex impacts on the hydrological cycle and aerosol lifecycle in the model, a comprehensive analysis of which falls out of the scope of this paper. For the aerosols, we present in Table 7 differences in the lifetime of various compositions between the standard ECHAM-HAM2 and a sensitivity experiment HAM2 CLD that uses the old stratiform cloud microphysics scheme. Here we see a general increase in aerosol lifetime when the two-moment cloud scheme is used. Analysis shows that although there is only a marginal change (< 2 %) in global mean precipitation rate, the liquid water path increases from about 50 g m −2 (HAM2 CLD) to 85 g m −2 (HAM2). It follows that the conversion efficiency of cloud water to precipitation, defined as the net precipitation production rate divided by liquid water path, decreases when the two-moment cloud scheme is used, because the precipitation formation depends inversely on the cloud droplet number concentration which in turn depends on the number of aerosols (Lohmann and Feichter, 1997) . Because in-cloud scavenging is directly related to this conversion efficiency in the model (cf. Sect. 2.5), lower conversion efficiency results in weaker in-cloud scavenging, which partly explains the longer aerosol lifetimes in Table 7 .
Alternative configurations of HAM2
In addition to the updates described in the previous subsection which have become the default in HAM2, a few modified or new parameterizations have been introduced to the model to provide a more realistic representation of certain processes, to incorporate additional processes that are of scientific importance, and/or to reduce certain biases in the model. These alternative schemes are available in the official release of the ECHAM-HAM2 code, and all produce reasonable results. They are not yet used as default because further evaluations are planned by the model developers. These alternatives are briefly described in this subsection.
Aerosol wet removal from mix-phase clouds
As already mentioned in Sect. 2.5, in-cloud scavenging of aerosols in the HAM model is calculated using a scavenging parameter (denoted by R following Stier et al., 2005) . A constant value is prescribed for each aerosol mode and cloud type. The values are listed in Table 3 of Stier et al. (2005) . For mixed-phase clouds, the same value is used for the liquid and ice portions of the cloud condensate. In reality, the partitioning of aerosols between cloud droplets and ice crystals depends on details of the particle characteristics (e.g. chemical composition) and environmental conditions (e.g. temperature and updraft velocity). This can lead to different removal rates associated to cloud water and ice. For mixed-phase clouds, 
Using this formula, we have added in HAM2 a new option for the scavenging parameter of mixed-phase stratiform clouds:
where T 0 = 273.15 K; R 0,i is the scavenging parameter for aerosol mode i in mixed-phase clouds as prescribed by Stier et al. (2005) . The scaled scavenging parameters R mix,i decrease with temperature, and are generally smaller than the original values. Consequently wet deposition becomes weaker and aerosol loading higher, especially in middle and high latitude regions, as can been seen from the annual mean AOD shown by Fig 7a. In terms of global mean, the AOD change is 0.0109, meaning a 8 % increase relative to the standard HAM2. The relative changes are much larger in the regions from 45 • N/45 • S poleward (not shown) because the total aerosol loading is considerably smaller in the high latitudes than in the tropics (cf. Fig. A1b ).
Below-cloud scavenging
Below-cloud scavenging by rain and snow are considered separately in HAM. Mode-dependent impaction scavenging coefficients were prescribed in HAM1 for rain. For the scavenging by snow, a fixed coefficient of 0.005 m 2 kg −1 was used for all modes (Stier et al., 2005) . This simple treatment has been updated by Croft et al. (2009) to take into account aerosol and collector size distributions in the rain case, and aerosol size in the snow case. These changes yield a reduction of AOD at most geographical locations (Fig. 7b , corresponding to a 8 % decrease in global mean), especially over the storm tracks, and in mid-latitude continental areas that are associated with high aerosol concentrations.
In the first and second rows of Fig. 8 , annual and regional mean aerosol mass concentration profiles are shown for the Southern Hemisphere storm track and for East Asia, where the largest changes are seen in the AOD maps. Only sea salt (sulfate) is shown in the storm track (East Asia) because it is the dominating aerosol species in the region. In terms of the magnitude of absolute change in aerosol concentration, modifications in the below-cloud removal parameterizations have the greatest impact in the lowest model layers (Fig. 8b and e, dashed blue curves), while the changes due to in-cloud scavenging do not peak at surface (same figure, dashed orange curves). In the lowest layers (0-2 km) where the aerosol concentration is considerably higher than above, the two modifications lead to similar magnitudes of change in aerosol mass although the signs are opposite (Fig. 8b and e) . In relative terms, changes in aerosol mass in the HAM2 BLCLD simulation do not exceed −30 % in these regions, but those due to the revised in-cloud parameterization can be as large as 200 % in the middle troposphere (Fig. 8c, f) .
In the bottom row of Fig. 8 the response of BC mass loading is shown for the Arctic region. Although BC in this area has a minor contribution to the total AOD, its deposition at the surface can affect the surface albedo thus the polar climate. Earlier studies (e.g. Koch et al., 2009 ) have revealed a severe underestimation of Arctic BC concentration in HAM1. The weaker in-cloud scavenging and considerably higher BC loading in HAM2 INCLD could potentially be helpful. More efforts are still needed to further improve the simulated vertical profiles of black carbon mass concentrations in the Arctic.
Boundary layer nucleation
In the planetary boundary layer, the nucleation of H 2 SO 4 and an organic compound can be considered using either the cluster activation scheme of Kulmala et al. (2006) and Riipinen et al. (2007) , or the kinetic nucleation scheme of Laakso et al. (2004) and Kuang et al. (2008) implementation these processes (when switched on) are limited to forested areas. Sensitivity experiments are performed with both schemes (HAM2 cluster and HAM2 kinetic in Table 4). The simulated aerosol concentration and size distribution are discussed in Sects. 5.2 and 5.3 in the context of comparison with observations. These nucleation pathways may be important for studies of aerosol-cloud interactions because they may affect the number concentration of cloud condensation nuclei, although the topic is not the focus of the present paper.
Evaluation of HAM2 against HAM1 and observations
Having documented in the previous section the new features in model formulation and their individual impacts on simulation results, we now move on to their combined effects. This section compares the overall behavior of HAM2 with that of the earlier version HAM1, and, when possible, against observations.
Global mean aerosol mass budgets and concentrations
We start the intercomparison with the annual mean global mass budget of different aerosol types shown in Table 8 . Results from the AeroCom intercomparison project are also included in the table so as to place our results in perspective.
To the first order, HAM1 and HAM2 have very similar mass budgets. The relative differences are, in most cases, considerably smaller than the discrepancies among the AeroCom models. On the other hand, differences can still be clearly seen between the two HAM versions. For instance the nucleation source of sulfate aerosol increases considerably in the new version (Table 8, with earlier discussions in Sect. 4.1.1. HAM2 also shows a marked increase (+49 %) in POM burden, which is not surprising considering the inclusion of the explicit SOA module. Another point worth noting is the shorter lifetime of sea salt in HAM2 (Table 8 , fourth block). In Sect. 4.1.4 we mentioned that the modified emission scheme produces stronger number fluxes in the accumulation mode and weaker in the coarse mode, as well as an increase of mass flux in both modes compared to HAM1. Consequently, the coarse mode particles become much larger than in HAM1, and are more efficiently removed from the atmosphere through dry deposition and sedimentation. Because coarse mode particles constitute more than 95 % of the total sea salt mass, they play a determining role in the changes in sea salt sinks we see in Table 8 .
The four aerosol species other than sea salt have longer lifetimes in HAM2 compared to HAM1 (Table 8 ). This is mainly related to cloud microphysics and wet deposition as discussed in Sect. 4.1.6 and Table 7 .
In Fig. 9 we present the annual and zonal mean mass concentration of the five aerosol types. Consistent with Table 8, an overall increase in aerosol burden can be seen in HAM2. In terms of the absolute amount, changes in dust and sea salt concentrations are largely confined to the near surface levels and in the source regions ( Fig. 9o and  s) , while sulfate and POM feature increased concentrations also near the tropopause. This is particularly true for POM which, as pointed out in the previous section, results from the vertical transport of condensable gases by convection and SOA formation in the upper troposphere. In relative terms, the increase of concentration is more evident in the free troposphere. The near-surface layers feature marginal changes within a factor of 1.5 except in the Polar Regions (Fig. 9, rightmost row) . A comparison of the simulated monthly mean surface mass concentrations against the EMEP (European Monitoring and Evaluation Programme), IMPROVE (Interagency Monitoring of Protected Visual Environments) and the University of Miami networks further confirms that the surface concentrations are similar to those in HAM1 (not shown).
Condensation nuclei
This subsection evaluates the simulated number concentrations of condensation nuclei (CN, i.e. aerosol particles of dry diameter larger than 0.01 µm), using a collection of aircraft measurements between the years 1991 and 2008, provided by NASA LaRC 2 , NCAR EOL 3 and BADC 4 . The geographical coverage is mainly the Pacific Ocean, with a few additional flights over the North Atlantic and the Indian Ocean, and near the North Pole. The flight trajectories are illustrated in Fig. 10 . Further details of the measurement campaigns are given in the Appendix (Table A1 ). For the model evaluation, we present in Fig. 11 zonal cross-sections of CN concentration in different latitude bands, and in Fig. 12 the vertical profiles averaged over the six regions denoted by hatched boxes on the trajectory map. In order to prepare these plots, each measured concentration is assigned to a model grid point according to its location. Arithmetic averages are then computed for all samples available in a 30 • (latitude) by 1.875 • (longitude) box, or in the hatched regions in Fig. 10 . As for model simulations, we first vertically interpolate the daily output to height levels, pick out the CN concentration occurring at the same location and in the same month as a measurement, then compute the arithmetic average for the longitudelatitude bands and boxes. The CN concentration in the model is calculated by integrating the simulated number size distribution above the lower cut-off dry diameter (0.01 µm).
Figure 11 reveals that both model versions can correctly capture the basic features of CN distribution at different locations. In the low-latitude areas (Fig. 11a-f, regions A , B, and C in Fig. 12 ) the concentrations are highest in the upper troposphere (> 4000 cm −3 STP 5 ) due to strong nucleation. The concentrations decrease quickly towards the surface by about an order of magnitude. In the Northern Hemisphere midlatitudes (Fig. 11g-i) , the maxima at 120-170 • E (region D) and 120-60 • W (region E) are caused by strong SO 2 sources in Asia and the USA. The air over Canada, Greenland and the Northern Polar Region is much cleaner (Figs. 10 and 11j-l) .
Comparing the two HAM versions, we see that the new model produces better results in the northern high-latitude clean regions (last row of Fig. 11 , region F in Fig. 12 ). The east-west gradient in the upper troposphere over the Northwest Pacific (region D in Fig. 11h) is better represented. The high concentrations in the upper tropical troposphere are slightly closer to the observation in HAM2 (first row in Fig. 11, region A) , although positive biases are still evident in the middle and lower troposphere over the tropical oceans (Fig. 12, regions A and B) .
Note that the observations suggest very high CN concentrations (> 4000 cm −3 STP) in the surface layers near the SO 2 source regions ( Fig. 11i and regions C, D, E in Fig. 12 ). This feature is missing in the standard HAM1 and HAM2 simulations, but can be better represented in HAM2 using the kinetic nucleation scheme of Kuang et al. (2008) , as can be seen from the solid green profiles in Fig. 12 . Inclusion of the cluster activation scheme (Kulmala et al., 2006; Riipinen et al., 2007; Kazil et al., 2010) can also improve the results (dashed green lines), but not as satisfactorily.
Aerosol size distribution in the boundary layer
In observational studies it is a common practice to fit the measured aerosol number concentrations into log-normal probability density functions and summarize their characteristics by a few parameters. Such records are relatively straightforward to use in our model evaluation since HAM uses the same modal method to describe aerosol size distribution.
Figures 13-15 present aerosol number concentrations and size distributions at six European surface sites in different seasons. The measurements are from Putaud (2003) and Tunved et al. (2003) , which contain data at Harwell, Hohenpeissenberg, Aspvretren and Ispra from 1997 to 2001, and at Pallas and Hyytiälä in 2000 and 2001. In addition to the standard HAM1 and HAM2 simulations, the two sensitivity experiments discussed in the previous subsection (cf. Fig. 12 ) are also shown.
The model is able to reproduce the correct magnitude of aerosol number concentration at these locations except for Ispra. At Ispra the geographic conditions that favor the stagnation of pollutants (from, e.g. Milan) can not be resolved by the relatively coarse model grid, resulting in a considerable underestimate of the number concentration in both winter and summer. At most of the other sites, results given by the standard HAM2 agree with the observation within a factor of two.
The three-mode size distribution functions derived by Putaud (2003) and Tunved et al. (2003) are compared with HAM simulations in Figs. 14 and 15. In terms of the characteristic shapes, differences between HAM1 and HAM2 are smaller than those between simulations and observations. (Table A1) .
Atmos
In winter, all HAM2 simulations are very similar. Compared to HAM1 there is a slight shift of the distribution functions towards larger sizes, possibly related to enhanced particle growth due to changes in the surface condensation of H 2 SO 4 gas (cf. Fig. 2, bottom row) . In summer, stronger solar radiation enhances the oxidation of SO 2 , resulting in high concentrations of sulfuric acid gas in the near surface layers. Under such conditions, the model results become sensitive to the nucleation scheme. Consistent with the earlier discussion on CN concentration, Fig. 15 reveals a clear increase in the number concentration of small particles when kinetic nucleation is included (solid green lines in the figure), and a moderate increase when the cluster activation scheme is used (dotted green lines). Such increases lead to positive biases at the sites shown in this figure, which (except for Ispra) are background stations representing relatively clean situations. In contrast, in the previous subsection we noted that in the polluted regions in the Northern Hemisphere, even with boundary nucleation switched on, the model still severely underestimate the particle number concentration in the nearsurface layers (Fig. 12, regions D and E) . This seems to suggest the regional gradient in aerosol concentrations is underestimated, which is likely related to the fact that with the relatively coarse (although typical for climate simulations) resolution used here, the model can not resolve the horizontal scales of aerosol plumes. Other possible explanations include inaccuracies in the emission of aerosols and their precursors, and/or the model representation of aerosol microphysics processes or meteorological conditions. So far we have not yet been able to collect sufficiently detailed, consistent and accurate observational data to help pinpoint the cause of these biases. Further studies are needed to address this issue.
For the marine boundary layer there exists a 30-yr climatology compiled by Heintzenberg et al. (2000) with relatively large geographical coverage. Using measurements obtained in a number of 15 • × 15 • (latitude × logitude) regions, they derived number concentration, geometric mean diameter and standard deviation of the Aitken and accumulation modes for 10 latitude bands. These parameters are provided in Table  3 of their paper. In Fig. 16 we compare this data set (black curves) with the standard HAM1 and HAM2 simulations (red and blue curves). In contrast to continental areas, the remote oceans are characterized by well-defined and clearly separated Aitken and accumulation modes. This feature is correctly captured in both model versions. In HAM1 the number concentration of the Aitken mode is considerably higher than Fig. 10 and Table A1 . Model results are derived from daily mean output of the months in which the measurements were obtained. The simulated CN concentrations are derived by integrating over the aerosol size distributions. The lower cut-off value of particle dry diameter is 0.01 µm. Dashed boxes indicate regions in which the vertical profiles are compared in Fig. 12. accumulation mode in all latitude bands. The contrast is less pronounced in HAM2 because the modified sea salt emission scheme increases the emission flux of the accumulation mode (cf. Sect. 4.1.4), bringing the HAM2 results closer to observation, especially in the middle and low latitudes. The simulated distribution functions are generally broader than the Heintzenberg et al. (2000) dataset, due to the fact that the prescribed standard deviation (1.59 for both modes) is often larger than the observed values (typically 1.4-1.5). 
Radiative properties of aerosols
The ultimate goal of simulating aerosols in a climate model is to understand their impact on climate. In this subsection we look at aerosol radiative properties that determine the direct and semi-direct aerosol effects in the model. In Fig. 17 the simulated global and zonal mean AOD andÅngström parameter are compared with the MODIS satellite retrievals, while the aerosol absorption optical depth (AAOD) is compared with a climatology compiled by Kinne et al. (2012) . The Taylor diagrams in Fig. 18 present a concise evaluation of the simulated geographical distribution of these three parameters. The corresponding contour plots can be found in the Appendix (Figs. A1 and A2 ). Here the AOD and AAOD are presented at the mid-visible wavelength 0.55 µm. The simulatedÅngström parameter is calculated using the two wavelengths 0.55 µm and 0.825 µm.
The observed meridional variation of AOD in Fig. 17a features a primary peak around 20 • N mainly related to dust, and a secondary peak over the Southern Hemisphere storm tracks associated with sea salt. This is reproduced by both HAM1 and HAM2, although with significant positive biases over the Southern Oceans. From HAM1 to HAM2, the decrease of AOD over the tropical oceans (cf. global distributions displayed in Fig. A1c-d) can be attributed to the new water uptake scheme. The correlation between simulated and observed global distributions is improved over both land and ocean (Fig. 18a) . For theÅngström parameter there is a systematic increase in the new version in most latitudes (Fig. 17b , with global maps shown in Fig. A1g-h) , resulting from the shift of size distribution of the sea salt emission and reduced aerosol water uptake. The Taylor diagram in Fig. 18b suggests the particle size distributions over land need to be improved.
In Fig. 19 the global mean AOD in HAM1 and HAM2 are further decomposed into contributions from aerosol water and dry mass. The contributions of different chemical species are presented in the Appendix (Table A2 ). Note that because our model assumes internal mixing between different chemical species within a log-normal mode, the component AOD is diagnosed by calculating the volume-weighted attribution of AOD per mode followed by summation over all modes. Unlike in models that assume pure external mixing, the component AOD in HAM is a proxy diagnosed for illustrative purposes.
In both model versions, water makes up more than two thirds of the total AOD. From HAM1 to the standard version of HAM2 there is a moderate increase in the dry AOD which is overcompensated by the decrease in aerosol water. For HAM2 the whiskers in the figure indicate the spread among sensitivity experiments discussed in Sect. 4, giving a sense of uncertainties in this quantity. The lowest values (of total, water and dry AOD) are all associated with the Lohmann and Roeckner (1996) (stronger wet deposition), while the highest values of the total and water AOD are from the simulation using the old water uptake scheme (using 100 % RH ceiling). Global mean values of AOD in the sensitivity simulations are listed in Table A3 . The magnitude and distribution of AAOD are key for atmospheric absorption, direct and semi-direct aerosol radiative effects. The reference AAOD climatology used in this study is compiled by Kinne et al. (2012) using the multimodel median from AeroCom combined with measurements from the NASA AERONET program (http://aeronet.gsfc. nasa.gov). The main contributors of AAOD are black carbon and dust, rendering high values over the middle-and low-latitude continents (Figs. 17c and A2 ). The Taylor diagram in Fig. 18c suggests that the spatial distribution is well reproduced by both HAM1 and HAM2 (correlation coefficient ca. 0.9), but with significant systematic underestimation of the magnitude. The negative bias has been reduced in HAM2 partly because the refractive index of black carbon (BC) was updated according to the medium-absorbing values from Bond and Bergstrom (2006) . The other major contributor is the weaker wet scavenging in the two-moment cloud microphysics scheme which increases the lifetime of BC, and consequently the overall BC burden.
To have a closer look at the model results beyond annual mean, we use daily mean data of the year 2000 from AERONET. A map of the site locations is presented in Fig. 20 . Daily mean model output is interpolated to the sites and sampled on the same days to derive the probability density functions (PDFs) shown in Fig. 21 . For AOD, the joint PDF of HAM2 vs HAM1 (panel c) features an elongated shape located near the diagonal of the diagram, indicating that results from the two versions are by and large similar. On the other hand, there is a clear increase of AOD in HAM2 in the clean regions as indicated by the upward bending of the "cloud" near the bottom left corner of the diagram in Fig. 21c . Although AERONET rarely observed AOD below 2 × 10 −2 , HAM1 tends to produce very small values (Fig. 21a) in the high latitudes. Such underestimates have been reduced in HAM2, making the joint PDF in Fig. 21b better centered along the diagonal. As for theÅngström parameter, the modified sea salt emission has reduced the number of cases of too large particles (small values of the Angström parameter, Fig. 21d-e) , while there is still a substantial number of cases of overestimatedÅngström parameter that need to be improved in the future. The different symbols in Fig. 20 provide a summary of the model performance at individual sites.
Direct radiative effect of aerosols
For the simulations listed in Table 4 performed with HAM2 and its variants, various components of the aerosol radiative effect are diagnosed. Figure 22 illustrates the direct radiative effect of all (i.e. natural and anthropogenic) aerosols in the model atmosphere. On the global scale the scattering of shortwave radiation (cooling) overwhelms the absorption of longwave radiation (warming), rendering a net direct effect of −1.76 W m −2 at the top of the atmosphere (TOA) in the standard HAM2. The various parameterization schemes discussed in this study exhibit considerable variation in the radiative effects, as can be seen from the whiskers. The numbers behind the bar chart are given in the Appendix (Table A3). Again we see a strong sensitivity of the model result to the water uptake scheme (experiment HAM2 WAT) and cloud microphysics (experiment HAM2 CLD), both at TOA and at the Earth's surface.
To estimate the radiative forcing of anthropogenic aerosols, we performed simulations with present-day (PD) and pre-industrial (PI) emissions of aerosols and their precursors. The PD emissions are the same as described in Sect. 3 (year 2000) . The PI emissions are that of year 1750 as in Schulz et al. (2006) . According to Schulz et al. (2006) and Myhre et al. (2012) , the anthropogenic forcing is defined as Heintzenberg et al. (2000) . The simulations shown in red and blue correspond to the HAM1 and HAM2 simulations, respectively. σ 1 and σ 2 in each panel are the observed standard deviation of the Aitken and accumulation mode. In the HAM model a fixed value of 1.59 is prescribed for both modes.
the difference in TOA (top-of-atmosphere) shortwave flux between the PD and PI simulations under the same cloud distribution and properties. To strictly follow this definition, we use the HAM2 CLD configuration to exclude the aerosol indirect effects. Within a pair of PD and PI simulations, the model meteorology is kept exactly the same by using the Tanre et al. (1984) aerosol climatology when calculating the radiative heating/cooling that affects the atmospheric circulation. In each simulation, two additional radiative transfer calculations are performed, one with no aerosols, the other with the interactively predicted aerosol concentrations. The differences in radiative fluxes from these two diagnostic calculations are referred to as the direct radiative effect. The PD and PI simulations are then compared to derive the effect of anthropogenic aerosols, referred to as the anthropogenic aerosol direct forcing. Table 9 presents the results in the style of Table 5 in Schulz et al. (2006) . The simulated anthropogenic AOD (0.028) and its contribution to the present day total AOD (25.2 %) are close to the AeroCom Phase I multi-model averages. The clear-sky and all-sky TOA forcings are smaller than the AeroCom average. The radiative properties and forcing of different anthropogenic aerosol species are shown in Table 10 . The results are obtained by perturbing emissions of individual species separately. A sensitivity experiment using the old water uptake scheme (HAM2 CLD WAT) reveals a close relation between the aerosol water content and radiative forcing (the RF and NRFM values). Tables 9 and 10 only provide a first view of the PD-PI simulations described here. Further analyses are planned. Within the framework of the AeroCom Phase II intercomparison (Myhre et al., 2012) , it will be interesting to investigate issues like the regional responses to anthropogenic aerosol forcing, and modeling uncertainties in the distribution and absorption properties of black carbon (Zarzycki and Bond, 2011; Samset and Myhre, 2011; Stier et al., 2007) .
Conclusions
This paper introduces improved aerosol representations in the second version of the ECHAM-HAM model and quantifies their impact on the simulated aerosol properties, global distribution, and direct radiative effects. Some of the model updates, for example in the sea salt and dust emissions, were directly motivated by previously noticed model biases. The others aimed at having a physically more realistic representation of the aerosol lifecycle, and extending the model's capability in consistently simulating the interactions between various aerosol-related micro-and macro-scale processes. The new H 2 SO 4 /H 2 O aerosol nucleation scheme considers both neutral and charged nucleation, which can be used to investigate the impact of nucleation from ions caused by cosmic rays (Kazil et al., 2010) and by radioactive species effusing from the Earth's surface . The explicit treatment of SOA introduced by O'Donnell et al. (2011) can be used to investigate, for instance, the impact of vegetation change on aerosol formation and the consequent changes in cloud radiative forcing. The incorporation of a two-moment stratiform cloud microphysics scheme (Lohmann et al., 2007) allows aerosols to directly affect cloud microphysics through cloud droplet activation and ice nucleation.
The impacts of these updates on the simulation of aerosol distribution and property are analysed in Sects. 4 and 5. The new parameterizations that have largest impact on the global mean AOD and aerosol radiative effects are the water uptake scheme and the new stratiform cloud microphysics. The water uptake scheme implemented by O'Donnell et al. (2011) considerably reduces the aerosol water content in the lower troposphere due to the use of a lower RH ceiling. The resulting (global) total mass of aerosol water is in closer agreement with the AeroCom multi-model average. In comparison to the cloud microphysics scheme of Lohmann and Roeckner (1996) , the new two-moment scheme features weaker conversion efficiency of cloud condensate to precipitation, which contributes to changes to aerosol lifetime and wet deposition. Compared to HAM1, aerosol lifetimes are increased in HAM2 for all aerosol species except sea salt. The percentages are between 10 % and 20 % for sulfate, black carbon, and POA, 107 % for SOA, and 4 % for dust. Wet deposition decreased for all aerosol species except particulate organic matter.
The modified sea salt emission calculation significantly changes the partitioning of particle number fluxes between accumulation mode and coarse mode, resulting in a shift of the size distribution to smaller particles.
The nucleation parameterization of Kazil et al. (2010) leads to an upward shift of the strongest nucleation to the tropical tropopause. Resulting changes in the direct aerosol effect are relatively small because of the small sizes of the nucleation mode particles.
By including all these updates in the model, we are able to obtain improved results compared to HAM1. As shown in Sects. 5.2-5.4, the aerosol size distribution and spatialtemporal variability simulated by HAM2 show better agreement with the observations. The systematic negative bias in AAOD has been reduced. The remaining major model deficiencies include (i) positive bias of AOD over the ocean, (ii) negative bias of AOD and aerosol mass concentration in high-latitude regions, and (iii) negative bias of particle number concentration, especially that of the Aitken mode, in the lower troposphere over the heavily polluted regions.
There are a few other modifications that have already been implemented in the model but not switched on in the standard HAM2. Taking into account the aerosol formation by cluster activation (Kulmala et al., 2006; Riipinen et al., 2007) or by kinetic nucleation (Laakso et al., 2004; Kuang et al., 2008) can help improve near-surface aerosol number concentrations in polluted regions, but meanwhile lead to overestimation in cleaner continental regions. The temperaturedependent in-cloud scavenging coefficient for mixed-phase Table 9 . Radiative properties and direct shortwave forcing of anthropogenic aerosols in HAM2, following Schulz et al. (2006) . AOD ant and AOD ant /AOD PD are the anthropogenic AOD and its contribution to the present-day total AOD. RF stands for radiative forcing. NRF is the normalized radiative forcing per unit AOD. TOA stands for top-of-atmosphere. The AeroCom I multi-model mean and standard deviation are from Schulz et al. (2006) . Further details can be found in Sect. 5.5. Table 4. clouds and the below-cloud scavenging scheme of Croft et al. (2009) that takes into account aerosol and collector sizes appear to have some positive impacts on model results, but more extensive evaluations are still needed. In this study the evaluation was concentrated on the global distribution and radiative properties of aerosols. With the new two-moment cloud microphysics, it is possible to investigate the aerosol effect on cloud via the first indirect effect and/or the second indirect effect. It will be useful to study the indirect effects of anthropogenic aerosols on climate in our model and their sensitivity to model configuration and resolution, not only in nudged integrations, but in "free" climate simulations. These will be presented in separate papers. Furthermore, the aerosol activation scheme of Lin and Leaitch (1997) , currently used in HAM2, is highly simplified in terms of particle size and composition effects. Recently Stier et al. have implemented the Köhler theory based scheme of Abdul-Razzak and Ghan (2000) . The evaluation will be presented in a separate paper. Croft et al. (2010) developed a new in-cloud aerosol scavenging scheme which may help achieve consistency with the cloud microphysics parameterization and reduce model biases. 
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